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Abstract 
Precise measurements of a magnetic moment relaxation of YBa2Cu3O7-δ film were carried out at temperature T = 32 K at the 
magnetic fields H ≤ 1600 Oe. The moment M, relaxation rates R = – dM / dln t and S = R / M as well as glassy exponent μ were 
analyzed in partly and fully penetrated critical state in dependence on increasing and decreasing field. We demonstrated that a 
demagnetization affects the magnetic moment and the rate R but it does not influence on the normalized rate S and μ. Obtained 
value μ ≈ 1 and observed suppression of the critical current by the magnetic field evince creep of small bundles of vortices. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Magnetization of superconducting films in a perpendicular magnetic field H is strongly affected by a 
demagnetization effect. In a low field, a critical state is formed at periphery of a type-II superconductor film while its 
inner part remains in the Meissner state. In the critical state, the Abrikosov vortices penetrating into the film are 
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pinned by defects. If a persistent current in the critical state is independent of vortices density, magnetization curve 
of a circular film is described as follows Mikheenko, P.N. and Kuzovlev (1993), Clem and Sanchez (1994): 
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Here M is magnetic moment of the film, D and d are its diameter and thickness, I = (4π/c) Jd is a sheet current 
measured in Oersteds, J is a density of the persistent current, and c is the light velocity. This equation describes the 
magnetization when vortices (magnetic flux) penetrate into the film. The moment saturates with the field increase 
and at H > I its value becomes equal to Ms = D3I / 96. Further increase of the field leads to increase of vortices 
density, strengthening of the inter-vortex interaction and suppression of M and I , McDonald and Clem (1996), 
Shantsev et al. (2000). 
Pinning of vortices causes metastability of the critical state tended to relax to a stable one through the diffusion of 
vortices (flux creep). A nonlinear and nonlocal equation describing a flux creep in a thin film obtained and solved by 
Gurevich and Brandt (1994). Time dependence of the magnetic moment was calculated,  
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Here pinning energy Uc , critical current Ic , glassy exponent μ and macroscopic time scale for creep t0 depend on the 
temperature and the magnetic inductance B. (In this paper we omit kB and measure energies in Kelvins.) The glassy 
exponent and the pinning energy characterize an activation energy for vortices motion U = ( Uc / μ ) [ ( Ic / I ) μ – 1 ].  
The solution (2) obtained for the film that is completely in the critical state. The case of partly penetrated critical 
state was analyzed by Babich et al. (2003). Dependence of the film moment relaxation rate on the magnetic field was 
calculated 
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It was shown that the relaxation rate saturates at field H ≥ 1.5I which is less than the field Hcp = ( I /2 ) ln( Rd /λ ) 
corresponding to complete formation of the critical state, Kuznetsov et al. (1995). Taking the penetration depth λ = 
140 nm, Schilling et al. (1994), we estimated Hcp ≈ (4.4−5.1)I for YBa2Cu3O7-δ films with radius 1 mm and d ≈ (1−4) 
λ.  
Demagnetization field Hd induced by the persistent current is non-linearly distributed along the film radius. There 
is a neutral circle with diameter 0.652D along which Hd = 0, Gurevich and Brandt (1994). Maximal value of Hd ≈ I/2 
is achieved at the film edge. In increasing field, when a flux penetrates into the film, Hd adds to the applied field at 
film periphery and it is subtracted from H in a central part. Taking current density at low temperatures, J ≈ 107 
A/cm2, we estimated the maximal value of Hd as 63−314 Oe for YBa2Cu3O7-δ films with thicknesses d = 100−500 
nm. To diminish demagnetization effect the relaxation experiments are carried out in high field H >> Hd as a rule, 
Yeshurun et al. (1996). In present paper, we studied the relaxation of YBa2Cu3O7-δ film magnetic moment in the 
applied field of the order of or more than Hd. 
2. Technique 
Epitaxial YBa2Cu3O7-δ film was grown by pulsed laser deposition on a circular substrate of SrTiO3 (100) single 
crystal. The film of diameter D = 2.1 mm and thickness d = 550 nm was characterized by the critical temperature Tc 
= 90.5 K. Home-built SQUID magnetometer, Kuznetsov et al. (1995), was used in investigations.  The magnetic 
field of a high stability was frozen in a Nb-Ti tube enclosed within a Nb-Ti solenoid. 1600 Oe restricted its value, 
therefore we raised temperature up to 32 K to decrease the demagnetization field. 
The magnetization curve measured by means of traditional SQUID magnetometry. The sample was cooled in a 
zero field (H ≈ 0.03 Oe) from T > Tc to T = 32 K. Then  the field was applied along the normal to the film plane and 
increased step-by-step while sample was translated through pickup coils of the magnetometer to measure its 
magnetic moment.  A typical duration of the moment measurement was t ≈ 60 s. The measured M(H) curve is 
presented in Fig.1(a). 
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Fig. 1. Magnetization and relaxation curves measured at T = 32 K for YBa2Cu3O7-δ film. Right figure: M(t) measured in magnetic field range 
from 317 Oe (top) to 1531 Oe (bottom) with an increment of ~100 Oe (see the left figure). Left figure: line –  M(H) calculated from Eq. (1); 
squares – M(H) measured by means of traditional SQUID magnetometry;  circles –  M(H) measured after relaxation during 40 s (magenta) and 
3600 s (black and red); red circles – M(H) measured in decreasing magnetic field. See the text for details. 
A special technique was used in the relaxation experiments, Sannikov et al. (2014). The sample placed in one of 
the pickup coils was zero-field cooled. Then the magnetic field was applied with a rate of 1–10 kOe/s and a change 
of the film magnetic moment with the time δM(t) was measured with step of 1 s in the time-window 30–3600 s. 
After that the sample was warmed above Tc in order to record its residual moment M*. The time dependence of the 
magnetic moment was obtained as M(t) = M* + δM* − δM(t) where δM* and M* are the registered change of the 
moment and its residual value at time t* corresponding to the completion of δM(t) measurement. The M(t) curves 
obtained are presented in Fig.1(b). By decreasing the magnetic field, two steps applied. A higher magnetic field was 
taken after a zero-field cooling of the sample. Several minutes later H was decreased by ~ 600 Oe and measurement 
started. 
The following procedure was used to obtain the relaxation rate R and the glassy exponent μ from the experimental 
data. To exclude unknown parameters Uc , Mc and t0 the M(t) dependence was normalized by M* . Then the 
numerical derivatives dm/d ln t were calculated. From Eq. (2) we obtained |dm / d ln t| ≡ – (1/M*) (dM / d lnt) = S* | 
M / M* |1+μ where S ≡ – d lnM / d lnt = R / M is the normalized relaxation rate. Therefore, the logarithms of the 
calculated derivatives were fitted by the linear dependence ln |dm / d ln t| = (1+ μ) ln m + ln S* via μ and ln S* using 
least-squares method. The relaxation rate R*=S*M* was calculated from obtained normalized rate and measured a 
residual moment. 
3. Results 
In Fig.1 (a) we presented the magnetization curves (i) measured by means of traditional SQUID magnetometry; 
(ii) obtained after relaxation of the magnetization during 40 s and 3600 s; and (iii) calculated from Eq. (1).  
Let us consider the curves measured in increasing field. All they demonstrate a maximum at H ≈ 300–350 Oe. At 
the increasing branch of the curves, a change of the moment due to the relaxation is small, but it increases up to 
10%–15% nearby the maximum. As mentioned above, the measuring time was of the order of 60 s for the curve (i), 
therefore it lies between the ones obtained after the relaxation during 40 s and 3600 s. The more the field, the closer 
curve (i) to the long-time relaxed curve. One can assume that the relaxation becomes faster at short and slower at 
long times, when the field increases. However, the shape of the relaxation curves does not confirm such assumption. 
As seen in Fig.1(b),  the field does not change greatly a curvature of M(ln t) curves. We suppose that stronger 
suppression of the moment by field for the curve (i) is caused by an alternating magnetization of the sample under 
its translation through the pick up coils. It is well known for SQUID magnetometers that “translation of the sample 
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up and down through the non-uniform magnetic field causes it to experience a minor loop of its hysteresis cycle” 
Yeshurun et al. (1996). Field inhomogeneity at the scan length of our magnetometer is ~1% so at H ≈ 1.5 kOe width 
of a minor loop is as much as 15 Oe. Because of strong demagnetization, such width is large for films, so we expect 
a decrease of the sample moment due to alternating magnetization. At the same time, the sample position locked and 
the field was permanent in the relaxation measurements, so true magnetization curves obtained. 
Proceeding to the comparison of the curves obtained after the relaxation during 3600 s at increasing and 
decreasing field, note that the moment is more in decreasing field but the higher H, the less difference between the 
curves. That is a manifestation of the demagnetization effect. Peripheral persistent current contributes more to the 
moment than the current is in a central part of the film. When a flux penetrates into the film in increasing filed, Hd 
adds to H at film periphery. When a flux exits, the film in decreasing field, Hd is subtracted from H, Clem and 
Sanchez (1994), McDonald and Clem (1996). Thus, a peripheral field is lower for decreasing H. As follows from the 
shape of the magnetization curves, high magnetic field suppress  a persistent current, so both a peripheral current 
and the moment occur to be more in decreasing field. At the same time, suppressing the current, applied field 
decreases the demagnetization field itself so its influence is diminished at high field. 
 
 
Fig. 2. Relaxation rates and glassy exponent μ measured at T = 32 K for YBa2Cu3O7-δ film in increasing (black) and decreasing (red) magnetic 
field. Left figure: closed and open circles –  S*(H)  and R*(H) dependencies obtained for t* = 3600 s; line – R(H) calculated from Eq. (3). See text 
for details. 
The curve calculated from Eq. (1), using single fitting parameter I, is well adjusted with the curve (i). The 
obtained saturation field I = 340 Oe is close to a field corresponding to onset of decrease of the measured moment. 
At applied field H = I a local field at the film edge is of the order of 1.5I thus we estimate that the persistent current 
suppression starts at amplitude of local field ~ 510 Oe.  
Data obtained from the relaxation curves presented in Fig. 2. The normalized relaxation rate S* increases 
monotonically with the field while the R*(H) demonstrates a maximum. R*(H) dependence measured for the flux 
penetration is well fitted in low fields by Eq. (3) via the same value of fitting parameter I = 340 Oe. Thus, we 
conclude that Eq. (3) gives a correct approximation for the relaxation rate when the film is in partly penetrated 
critical state. The glassy exponent μ decreases at fields below the R*(H) maximum but at high fields it is 
independent of H. Within dispersion of experimental points, μ ≈ 1 for both increasing and decreasing fields at H 
≥500 Oe. Such value of μ corresponds to creep of small bundles of vortices in the model of collective pinning 
Blatter et al. (1994). 
The relaxation rate R determined by the value of the critical current and the magnetic induction at a sample 
surface, Beasley et al. (1969), or at film periphery in our case. At high field the rate R* is more for decreasing field, 
but the difference of rates measured at penetration and exit of flux decreases with H. From Eq. (2) we obtained 
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To analyze field dependence of R we expressed a small-bundle activation energy Usb via λ, B, unit flux Φ0 , single-
vortex activation energy Usv , single-vortex critical current density Jsv and critical current density of the sample Jc. 
Since both Usv and Jsv are independent of field, Blatter et al. (1994). For the field dependence of the relaxation rate 
we obtained R = A S2Jc7/6B1/14 where A depends only on the temperature and parameters of the film. As seen in Fig. 
2, at high fields S(H) dependencies coincide for increasing and decreasing field, therefore the difference of the R*(H) 
curves is caused by the difference of the Jc(H)7/6B(H)1/14 products. Since B is higher in increasing field and R is more 
in decreasing field, we conclude that the critical current is suppressed by the field and, due to the demagnetization 
effect, Jc is more in decreasing field.  
4. Conclusions 
In this paper we studied the relaxation of the magnetic moment of YBa2Cu3O7-δ film in a low perpendicular 
magnetic field. We confirmed the field dependence of the relaxation rate R in partly penetrated critical state of the 
film calculated by Babich et al. (2003). Also, showed that the theory of a flux creep in superconducting films by 
Gurevich and Brandt (1994) can be used for analysis of the relaxation data at H ≥ 1.5I where the field I corresponds 
to saturation or maximum of virgin magnetization curve. We demonstrated that the demagnetization affects the 
values of the magnetic moment and the relaxation rate R but do not influence on the normalized relaxation rate S and 
the glassy exponent μ, i. e. it does not change a regime of a flux creep. Obtained value μ ≈ 1 and the suppression of 
the critical current by the magnetic field evince creep of small bundles of vortices while a single-vortex creep 
expected at such a low field and temperature. We suppose that observed collective creep is caused by a strong 
interaction of vortices through the space surrounding the film.  
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